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Non-rapid eye movement sleep (NREMS) onset is characterized by

a reduction in cerebral metabolism and an increase in slow waves,

1–4-Hz oscillations between relatively depolarized and hyperpol-

arized states in the cerebral cortex. The metabolic consequences of

slow-wave activity (SWA) at the cellular level remain uncertain. We

sought to determine whether SWA modulates the rate of glycolysis

within the cerebral cortex. The real-time measurement of lactate

concentration in the mouse cerebral cortex demonstrates that it in-

creases during enforced wakefulness. In spontaneous sleep/wake

cycles, lactate concentration builds during wakefulness and rapid

eye movement sleep and declines during NREMS. The rate at which

lactate concentration declines during NREMS is proportional to the

magnitude of electroencephalographic (EEG) activity at frequencies

of <10 Hz. The induction of 1-Hz oscillations, but not 10-Hz oscil-

lations, in the electroencephalogram by optogenetic stimulation of

cortical pyramidal cells during wakefulness triggers a decline in

lactate concentration. We conclude that cerebral SWA promotes a

decline in the rate of glycolysis in the cerebral cortex. These

results demonstrate a cellular energetic function for sleep SWA,

which may contribute to its restorative effects on brain function.
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Introduction

Sleep has long been posited to have restorative effects on
brain function. These restorative effects are manifested by im-
proved vigilance (Belenky et al. 2003), homeostatic changes in
neuronal excitability (Liu et al. 2010), and changes in neuro-
transmitter release (Dash et al. 2009) occurring as a result of
sleep subsequent to enforced wakefulness. However, the bio-
chemical basis for these putative restorative effects has re-
mained elusive. Neuronal excitation is an energy intensive
process (Attwell and Laughlin 2001; Buzsaki et al. 2007; Alle
et al. 2009). The maintenance of the ion concentration gradi-
ents that are necessary for neuronal excitability requires a con-
tinuous supply of adenosine triphosphate (ATP) to support
membrane ion pumps. Cerebral cortical cells undergo periods
of quiescence lasting up to several hundred milliseconds in
association with non-rapid eye movement sleep (NREMS)
slow-wave activity (SWA; Destexhe et al. 1999; Mukovski et al.
2007; Vyazovskiy, Olcese et al. 2009; Nir et al. 2011). These
transient “down states”may have metabolic implications.

A reduction in the rate of cerebral glucose metabolism
during NREMS relative to wakefulness is a reliable finding in
positron emission tomography (PET) studies on human sub-
jects. The estimates of the reduction in cerebral glucose
metabolism during NREMS relative to wakefulness vary from
12% (Heiss et al. 1985) to 44% (Maquet 1995). This change

does not reflect a reduced supply of glucose in the brain
during NREMS. During sleep, blood glucose remains slightly
higher than average daytime between-meal levels (Biston
et al. 1996) and glucose concentration increases in the brain
parenchyma relative to wakefulness (Netchiporouk et al.
2001). Therefore, the reduction in brain glucose metabolism,
as measured by 2-deoxyglucose uptake in PET scans, is due
to reduced demand for glucose as a function of sleep.

The simultaneous surge in ATP availability in the brain
(Dworak et al. 2010) and decrease in glucose utilization
(Kennedy et al. 1982; Heiss et al. 1985; Maquet 1995; Netchi-
porouk et al. 2001) during NREMS may be explained, in part,
by a shift in cerebral metabolism from aerobic glycolysis to
oxidative phosphorylation during NREMS. Several reports de-
scribe the use of enzymatic sensors to measure fluctuations of
lactate concentration in the brain in real time (Hu and Wilson
1997; Shram et al. 2002; Burmeister et al. 2005). We have uti-
lized this approach to demonstrate a previously undescribed
relationship between NREMS SWA and aerobic glycolysis.
When the electroencephalography (EEG) is desynchronized
(during wakefulness and rapid eye movement sleep), lactate
concentration builds. When the EEG is synchronized during
NREMS or through optogenetic manipulations of cortical
neuronal activity, lactate concentration declines. These exper-
iments demonstrate a robust temporal relationship between
lactate concentration and SWA in the cerebral cortex.

Materials and Methods

Experimental Subjects

The experimental subjects were mice derived from the B6.Cg-Tg
(Thy1-COP4/eYFP)18Gfng/J transgenic line (JAX strain #7612; Are-
nkiel et al. 2007). In these mice, the “mouse thymus cell antigen 1
(thy1)” promoter drives the expression of a transgene construct con-
taining the blue-light-sensitive cation channel, Channelrhodopsin-2,
and enhanced yellow fluorescent protein. The Channelrhodopsin-2
cation channel is expressed in cerebral cortical pyramidal neurons
(Arenkiel et al. 2007), allowing for optogenetic manipulation of the
cerebral cortex EEG. Founder mice from JAX, which are on a C57BL/
6 background, were bred to CD1 mice at Washington State University
to increase the fecundity and size of the offspring. The mice used in
experiments were B6.Cg-Tg(Thy1-COP4/eYFP)18Gfng/J X CD1 F1
males. Mice were kept on a 12:12 light:dark (LD) cycle with a temp-
erature set point of 24.5°C and had unrestricted access to food and
water throughout experimentation. All experimentation was approved
by the Institutional Animal Care and Use Committee of Washington
State University and adhered to the National Research Council Guide
for the Care and Use of Laboratory Mice (Institute of Laboratory
Animal Resources NRC 1996).

Surgical Implantation of Biosensors

Electroencephalogram, electromyogram (EMG), and cerebral cortex
lactate concentration were monitored simultaneously with a
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commercially available biosensor system (Pinnacle Technology, Inc.,
Lawrence, KS, United States of America; product #8400-K1-SLl). Mice
were surgically implanted under isoflurane anesthesia (5% induction,
1–3% maintenance) with a headmount (Pinnacle Technologies part #
8402, Lawrence, KS, United States of America) composed of a plastic
6-pin connector glued to a printed circuit board (PCB). Four stainless
steel screws were fastened to the skull. Two frontal screws were
placed 1.5 mm lateral to the midline and 1 mm anterior to the
bregma. The left anterior screw served as an internal ground. Two
parietal screws were placed 1.5 mm lateral to the midline and 2 mm
anterior to the lambda. The wires connected to these screws were sol-
dered to a tin/lead interface integrated into the PCB, which then con-
ducted to the 6-pin connector at the top of the headmount.

Two channels of EEG data were collected, one conveying the
potential between 2 parietal leads (channel 1), and the other the
potential between parietal and frontal leads (channel 2). Channel 2
was used for state classification and EEG power spectral analysis. The
2 EMG electrodes consisted of stainless steel wires, 1.5 cm in length,
attached to the PCB on one end, and terminating in a bolus of epoxy
(roughly 1-mm diameter) at the other end. An insulating material was
absent from ∼2 mm of stainless steel immediately next to the bolus of
epoxy; this exposed stainless steel served as the lead and was em-
bedded in the neck musculature. The headmount was secured to the
skull and sealed with Ortho-Jet self-curing acrylic resin (Lang Dental
Manufacturing Co.). The incision on the head and neck was closed
with an Ethilon 5-0 nylon monofilament non-absorbable suture
(Ethicon, NJ, United States of America). The female contacts on the
connector remained uncovered by the composite and skin.

During the same surgery, 2 holes ∼0.7 mm in diameter were
drilled through the skull bilaterally 1.1 mm anterior and 1.65 mm
lateral from the bregma. Twenty-one-gauge guide cannulas (Plastics
One part #C312GSPC), length 5.0 mm, were placed in these holes and
secured to the skull, with their tips resting on the surface of the
frontal cortex. The left cannula served as a guide cannula for the in-
sertion of lactate biosensor. The right cannula served as a guide
cannula for optogenetic fiber insertion. Mice were monitored closely
following surgery until they were ambulatory. Buprenorphine was ad-
ministered as an analgesic (0.05 mg/kg subcutaneous) at the end of
surgery and for 3 subsequent days.

Amperometric Lactate Detection

Real-time lactate measurements in the cerebral cortex utilized an
enzyme-based amperometric biosensor (Burmeister et al. 2005;
Naylor et al. 2011). The working electrode (Pinnacle technologies
part #7004-Lactate) was a polytetrafluoroethylene (PFTE; “Teflon”)-
coated 90% platinum–10% iridium (Pt–Ir) wire 9 mm in length
(Naylor et al. 2011). When inserted into the intracranial guide
cannula, the wire protruded 1 mm from the end of the guide cannula
into the cerebral cortex. The distal 1 mm of the Pt–Ir surface was free
of PFTE and thus served as the sensing interface when embedded in
the cerebral cortex. A Cl−-charged Ag wire wrapped concentrically
around the Pt–Ir wire served as the reference electrode. The working
and reference electrodes were embedded in the concentric layers of
Nafion and cellulose acetate. A layer of lactate oxidase was affixed to
the cellulose acetate by dipping the sensor in a lactate oxidase/bovine
serum albumin/glutaraldehyde solution followed by dehydration. When
installed in an aqueous environment and exposed to lactate, lactate
oxidase converts lactate and molecular oxygen to H2O2. Nafion and cel-
lulose acetate resist anion penetration but allow the passage of H2O2 to
the Pt–Ir surface. H2O2 undergoes an oxidation/reduction reaction on
the Pt–Ir surface, resulting in the generation of current fluctuations
in the Pt–Ir electrode. Previously published work (Hu and Wilson
1997; Burmeister et al. 2005; Naylor et al. 2011) demonstrated that bio-
logically plausible levels of ascorbic acid, dihydroxyphenylacetic acid,
dopamine, serotonin, norepinephrine, homovanillic acid, methoxy-4-
hydroxyphenylglycol, 5-hydroxyindoleacetic acid, L-tyrosine, L-cysteine,
L-tryptophan, glutathione, uric acid, and catalase do not interfere with
substrate detection by this type of enzymatic biosensor. The sensor has a
lifetime of >3 days in vivo according to manufacturer specifications
(Pinnacle Technologies; part #8403). The data collection in the current
study occurred over <48 h.

Calibration of the Lactate Sensor

The sensitivity of the biosensor to lactate was verified by in vitro cali-
bration immediately prior to insertion in the brain. The calibration
was performed by immersion in a jacketed beaker containing 20 mL
of 100 mM phosphate buffered saline (PBS) and warmed by circulat-
ing water at a set point of 37°C. The PBS solution was kept in motion
with a stir bar. The sensor was subjected to stepwise titration in 25,
50, and 75 mM L-lactate over an interval of ∼5 min. Each step in the
concentration was marked in the data collection file by the user.

The lactate sensor was inserted into the cerebral cortex immedi-
ately after in vitro calibration. Current detected at the lactate sensor
was averaged across each 10-s epoch of the data collection. The visual
inspection of lactate sensor data indicated the presence of artifact, or
data dropout in a small number of epochs. An artifact was algorithmi-
cally eliminated from the lactate data. Any data point that deviated
from the average of the 10 data points immediately preceding that
data point by >10 standard deviations was recoded as the average of
the 10 data points immediately preceding that data point. This algor-
ithm recoded <1% of all data points within any given data file.

Optogenetic Stimulation of Pyramidal Cortical Neurons

A rodent optogenetic stimulation system was designed to manipulate
the electrical activity of pyramidal neurons in the cerebral cortex with
millisecond precision and to measure the effects of such manipula-
tions on the EEG and cerebral cortical lactate concentration. The
system was designed and constructed based on the prior literature
(Adamantidis et al. 2007; Aravanis et al. 2007; Arenkiel et al. 2007;
Gradinaru et al. 2007; Zhang et al. 2009). A transistor–transistor logic
circuit with 0–5 V modulation controlled the timing of a variable
output power source. The power source supplied timed pulses of
electricity to a diode-pumped solid-state blue-light laser (BCL-050-M,
50 mW, Crystalaser). The light was transmitted through a FC/PC fiber
optic coupling adaptor and mounted coupling lens, including a 2-m
length, 200-μm diameter polyvinyl chloride-jacketed fiber patchcord.
A fiber optic rotary joint (Doric Lenses Inc. #FRJ_FC-FC) then directed
the light into a 200-μm fiber optic probe (Thorlabs, Inc., Small Animal
Fiber Optic Kit) with a flat cleaved projecting end. The fiber optic
cable was inserted into the mouse’s skull through a 21-gauge guide
cannula (Plastics One, Inc.). The fiber optic probe was secured in the
guide cannula by a screw cap screwed onto threads at the external
end of the guide cannula. The end of the fiber protruded from the
guide cannula 1 mm below the dura. The intensity of light applied to
the cerebral cortex of each mouse was adjusted in real time (i.e.
during the first stimulation session), from a zero-intensity stimulus to
an intensity sufficient to increase the amplitude of the EEG by a visu-
ally estimated 50%. The intensity necessary for this degree of respon-
siveness was typically 80–100 μW, an amount sufficient to induce
spiking in cortical neurons in Channelrhodopsin-2 transgenic mice
but not sufficient to cause tissue damage (Aravanis et al. 2007; Zhang
et al. 2009).

The optogenetic stimulation parameters were established with a
set of animals (n = 9 CD1XB6.Cg-Tg(Thy1-COP4/eYFP)18Gfng/J
males) instrumented for bilateral fronto-parietal EEGs without lactate
sensors. Data from these animals are presented in Figures 4 and 5;
data from animals subjected to optogenetic stimulation during EEG/
EMG/lactate measurements described above are presented in Figures 6
and 7. EEG effects of optogenetic stimulation were measured in bilat-
eral EEG studies in 2 ways. First, each EEG was subjected to fast
Fourier transform using an algorithm embedded in the Neuroscore
2.01 EEG processing software (Wisor and Clegern 2011; Wisor,
Schmidt et al. 2011). EEG spectral power across 20 frequency bins in
the 0.5–20 Hz range (0.5–1 Hz as 1 bin and 1-Hz bins thereafter) was
subjected to repeated-measures ANOVA with stimulus intensity and
EEG frequency as within-subjects measures. Secondly, optogenetically
induced EEG wave dynamics were assessed by plotting event-
triggered EEG traces derived from 10-s segments of EEG potential
data processed at 500 Hz. The triggering event was a 40-ms depth-
positive/surface-negative hyperpolarizing train. Such trains were
identified as sequences of 20 EEG potential values (i.e. 40 ms when
data are collected at 500 Hz) in which the EEG potential declined
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across 19 of the twenty 2-ms intervals. One-second segments of data,
including the hyperpolarizing train, the 100 data points preceding it
and the 380 data points following it, were used to calculate average
event-triggered waves across 10-s EEG traces. These averaged traces
were subjected to repeated-measures ANOVA with frequency of stimu-
lation as a grouping factor and time relative to stimulation as a within-
subjects measure.

Experimental Protocol and Data Collection

For simultaneous measurement of EEG, EMG, and relative lactate con-
centration, data collection commenced at least 10 days after surgery.
Mice (n = 7 CD1XB6.Cg-Tg(Thy1-COP4/eYFP)18Gfng/J) were accli-
mated to the data collection environment, a cylindrical acrylic plastic
cage with horizontal diameter of 25 cm and height 20 cm, overnight
prior to data collection. Data collection was preceded by the insertion
of the pre-calibrated lactate sensor, which required restraint of the
animal in a hand towel and fixation of its head between the fingers of
an experimenter for ∼1 min. Data collection began ∼3 h into the light
phase of the 12:12 LD cycle. After a 24-h baseline data collection
session, during which mice were allowed to sleep spontaneously,
they were subjected to 3 h of sleep deprivation (SD). This SD session
served 2 purposes. First, it served to measure the effect of sustained
wakefulness on lactate concentration in the cerebral cortex. Secondly,
it caused an need of increase in sleep, which was expected to increase
the likelihood that animals would sleep during the subsequent hour,
when animals underwent optogenetic manipulation of the cerebral
cortex. Wakefulness was enforced by introduction of novel objects
into the cage. At the end of SD, fiber optic probes were inserted into
the right frontal guide cannula to a depth of 1 mm into the cerebral
cortex. This manipulation required restraint of the animal in a hand
towel and fixation of its head between the fingers of the experimenter
for ∼1 min.

Beginning 15 min after insertion of the fiber optic light delivery
cable into the cerebral cortex (i.e. 15 min after termination of SD),
each animal was subjected to two 15-min optogenetic stimulation ses-
sions. During these sessions, lactate, EEG, and EMG data were col-
lected continuously. Blue-light pulses 1.5 ms in duration were
administered to the cerebral cortex during the first 30-s of each
minute, yielding a total of fifteen 30-s trains per session. The pulses
were delivered at 10 Hz during one session and 1 Hz during the other
session. The order of the 2 stimulation sessions was partially counter-
balanced across animals (n = 4 1 Hz stimulation followed by 10 Hz
stimulation; n = 3 10 Hz stimulation followed by 1 Hz stimulation).
One minute after the end of the second of these 2 stimulation ses-
sions, the experiment was terminated.

The data from the 3 epochs immediately prior to each 30-s stimulus
train and the 3 epochs immediately subsequent to each 30-s stimulus
train were subjected to state classification. Neither NREMS nor rapid
eye movement sleep (REMS) occurred reliably across all 7 animals
during optogenetic stimulation protocols. Therefore, only stimulus
trains preceded by 3 epochs classified as wake and followed by 3
epochs classified as wake were subjected to statistical analysis. Lactate
and EEG SWA values across the 3 epochs immediately prior to each
stimulus train and during the 3 epochs of stimulation were normal-
ized to the mean of their values across the 3 epochs immediately
prior to each stimulus train. These values were subjected to repeated-
measures ANOVA, with epoch number as a within-subjects measure.

Polysomnographic Data Processing

Lactate sensor current, EEG potentials, and EMG potentials from the
6-pin female headmount connector were fed into a PCB-based pream-
plifier (Part #8406-SL, Pinnacle Technology, Inc.) through a 6-pin con-
nector. The preamplifier amplified signals by 100-fold and high-pass
filtered EEG and EMG signals (0.5 and 10 Hz, respectively). Signals
were conveyed via an output cable to a commutator (Part #8408, Pin-
nacle Technology, Inc.) and from there to a PC-based acquisition
system (Pinnacle Technology, Inc.; Part #8401). Signals were further
amplified 50-fold and sampled at 400 Hz. EEG and EMG potentials
were processed as described previously (Wisor, Clegern et al. 2011).
Potentials were processed for state classification and spectral analysis

with Neuroscore 2.01 software (Data Sciences Inc., St Paul, MN,
United States of America). The digitized EEG was bandpass filtered at
1–30 Hz. An integrated EMG was highpass filtered at 10 Hz.
Data were processed in 10 s epochs, each of which was classified as
wake, REMS or non-REMS (NREMS) by individuals trained in rodent
sleep-state classification. Power spectral analysis of EEG data was per-
formed by an algorithm embedded in the Neuroscore software.
EEG power values were averaged in 1-Hz bins across each 10-s epoch
of data.

State Transition Analyses of Relative Lactate Concentration,

EEG SWA, and Integrated EMG

State transitions were defined as 6 consecutive 10-s epochs of one
state followed immediately by 6 consecutive 10-s epochs of a distinct
state. Theoretically, 6 types of transitions could exist: Wake-to-
NREMS, wake-to-REMS, NREMS-to-wake, NREMS-to-REMS, REMS-to-
wake, and REMS-to-NREMS. In practice, no 12-epoch sequence from
any animal met the criteria for REMS-to-NREMS or wake-to-REMS
transitions, so data were processed from only the other 4 transition
types. Within each transition identified, relative lactate concentration
was normalized to the average value of the first 6 epochs of the tran-
sition. EEG SWA (power in the 1–4 Hz range) and integrated EMG
were processed as raw values. Normalized lactate, EEG SWA, and inte-
grated EMG were averaged across all such transitions exhibited by
each animal to generate an average curve representing each transition
type for each animal. These average curves were subjected to
repeated-measures ANOVA with epoch number as a within-subjects
measure.

Relationship Between EEG Power During NREMS and Relative

Lactate Concentration

We sought to determine whether power in specific EEG spectral
ranges predicts the dynamics of lactate concentration during NREMS.
We also sought to determine whether the strength of this predictive
relationship would increase or decrease if prior EEG power dynamics,
rather than current EEG power at the time of lactate measurement, is
considered. Toward this end, all 1-min segments of continuous
NREMS (i.e. 6 consecutive 10-s epochs classified as NREMS) were
identified in each animal’s data set. The relative lactate concentration
was normalized to the average of all 6 epochs within each such
segment. Within each segment, average EEG power was calculated in
eighteen 3-Hz power spectral windows (0–3, 1–4, … 17–20 Hz). This
calculation was made across the 6 epochs constituting the segment,
then across the 1-min interval ending 10-s before the end of the
segment, the 1-min interval ending 20-s before the end of the
segment, etc. through the 1-min interval ending 60-s before the end
of the segment. Thus, each 6-epoch sequence of normalized lactate
concentration values derived from NREMS segments was associated
with an 18 × 7 matrix of EEG power values, which varied according to
the EEG spectra contributing to the power values (18 rows; 0–3, 1–4,
… 17–20 Hz) and the timing of the 1-min interval from which the
EEG power values were derived relative to the lactate values (7
columns; ending at time −60, −50, … 0 s relative to the NREMS
segment from which lactate values were derived).

The relative lactate concentration data associated with the matrix
generated for each animal were sorted iteratively based on the values
at each locus in the matrix: NREMS segments were ranked according
to the EEG power at a given matrix locus and separated into quartiles.
Within each animal’s data set, relative lactate concentration was then
averaged on an epoch-by-epoch basis across all segments in the
lowest quartile (the 25% of segments with lowest EEG power at that
locus in the matrix) and all segments in the highest quartile (the 25%
of segments with highest EEG power at that locus in the matrix). The
difference in the slopes of these 2 average lactate concentration
curves (one derived from the highest quartile of EEG power and one
derived from the lowest quartile of EEG power) was computed and
plotted as a heat map in Figure 3A. Average curves were subjected to
repeated-measures ANOVA with epoch number within the NREMS
segment (1–6) and quartile (lowest 25% vs. highest 25%) as within-
subjects variables. The results of these ANOVAs represent the
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probability that the EEG power within a given spectral range at a
given time relative to lactate measurement predicts the rate of lactate
dissipation during NREMS segments.

Results

Sleep Deprivation Increases Lactate Concentration

in the Cerebral Cortex

In mice simultaneously instrumented for measurement of
lactate-dependent current fluctuations (“relative lactate con-
centration” hereafter) and standard polysomnography, relative
lactate concentration fluctuated by up to 35% over intervals
<1 h. These fluctuations coincided with changes in sleep-state
classification. A sample trace of current measured from a
lactate sensor across 3 h of spontaneous sleep/wake (Fig. 1A)
demonstrates state-dependent fluctuations: relative lactate
concentration decreased during NREMS and increased during
wake and REMS. The effects of SD confirm that wake drives
an increase in lactate concentration: Relative lactate concen-
tration increased in the cerebral cortex of 7 of 7 mice during a
3-h SD session (Fig. 1B). These data agree with previously
published observations that SD increases brain lactate concen-
tration (Van den Noort and Brine 1970; Kalinchuk et al. 2003;
Wigren et al. 2009).

NREMS is Accompanied by a Decline in Cerebral Cortex

Lactate Concentration

To document the relationship between sleep state and relative
lactate concentration in spontaneous sleep/wake cycles, rela-
tive lactate concentration, EEG SWA, and integrated EMG
were tracked within wake-to-NREMS transitions (Fig. 2A),
NREMS-to-REMS transitions (Fig. 2B), NREMS-to-wake tran-
sitions (Fig. 2C), and REMS-to-wake transitions (Fig. 2D).
EEG, EMG, and relative lactate concentration were all signifi-
cantly affected by state across the wake-to-NREMS transitions.
During wake-to-NREMS transitions (Fig. 2A), there was a sig-
nificant increase in EEG SWA (main effect for state: F1,6=
18.22, P = 0.005) and a significant decrease in integrated EMG
(main effect for state: F1,6= 198.81, P < 0.001). These EEG and

Figure 1. Cerebral cortex lactate concentration varies across sleep–wake states. (A)
A sample trace of current measured by a lactate sensor across 3 h of spontaneous
sleep/wake. Data are color coded according to the EEG-defined state. Data collected
during wakefulness are shown in brown, NREMS in orange, and REMS in green. (B)
The effect of 3-h SD on lactate concentration in the cerebral cortex. Each curve
represents data from an individual mouse. Data are normalized to the baseline value
measured during the hour immediately preceding the onset of SD. The black bar
denotes mean + standard error of the mean (SEM) of group values during the third
hour of SD. *P<0.05 versus baseline, Student’s t-test.

Figure 2. Lactate concentration decreases during NREMS and increases during
wake and REMS. Data are from 2-min intervals characterized by state transitions.
Transitions occurred at time 0: Wake-to-NREMS (A), NREMS-to-REMS (B),
NREMS-to-wake (C), and REMS-to-wake (D). EEG SWA (upper panels) and integrated
EMG (middle panels) are raw values; lactate concentration (lower panels) is
normalized to the mean of the first 6 epochs within each transition. Variables were
averaged across all such transitions exhibited by each animal. Group mean ± SEM of
these averaged values are shown (n=7 mice). P-values are those associated with
main effect of time in repeated-measures ANOVA. *P< 0.05 versus last epoch
before state transition, Student’s t-test with Bonferroni correction.
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EMG changes were expected, as they are the defining features
of the sleep onset. They serve to validate the algorithm used
to quantify moment-to-moment dynamics of physiological
variables during state transitions. The relative lactate concen-
tration decreased immediately at the NREMS onset (main
effect for state: F1,6= 19.00, P = 0.005); within 30 s of NREMS
onset, relative lactate concentration was significantly reduced
relative to its level during wake just prior to the NREMS onset
(Fig. 2A).

During NREMS-to-REMS transitions (Fig. 2B), EEG SWA
was affected by state (F1,6= 940.32, P < 0.001). EEG SWA de-
clined at REMS onset. EMG was unaffected by state, time, or
their interaction at REMS onset. Muscle tone was low before
and after the NREMS-to-REMS transition. ANOVA yielded a
significant main effect for time (Fig. 2B) and a significant
interaction of state × time (F5,30= 6.86, P < 0.001) in affecting
relative lactate concentration at the NREMS-to-REMS tran-
sition. While relative lactate concentration declined modestly
during NREMS prior to transition, it began to rise after the
first 30-s of REMS (Fig. 2B).

EEG, EMG, and relative lactate concentration all changed at
wake onset, whether wake was preceded by NREMS (Fig. 2C)
or REMS (Fig. 2D). EEG SWA decreased at wake onset after
NREMS (main effect of state F1,6= 117.49, P < 0.001) and
increased modestly at wake onset after REMS (F1,6= 25.06,
P = 0.002). Integrated EMG increased at wake onset after
REMS (main effect of state F1,6= 11.20, P = 0.015). Relative
lactate concentration was greater during wake onset after
either NREMS (main effect of state F1,6= 12.00, P = 0.014) or
REMS (main effect of state F1,6= 8.45, P = 0.027). The state ×

time interaction was significant for lactate during
NREMS-to-wake transitions (F5,30= 9.00, P < 0.001), but not
REMS-to-wake transitions (P = 0.581). This difference between
the 2 transition types reflects the fact that lactate declines
during NREMS until the moment of waking (Fig. 2C),
whereas lactate increases during REMS and subsequently con-
tinues to increase at wake onset (Fig. 2D). Collectively, these
data establish that relative lactate concentration increases
during wake and REMS (i.e. the desynchronized states charac-
terized primarily by the absence of EEG slow waves) and
decreases during NREMS, a state characterized by SWA in
the EEG.

EEG Power in the Low Frequency Range Predicts the Rate

of Decline in Lactate Concentration During NREMS

SWA is a feature unique to NREMS, and therefore might drive
the decrease in lactate concentration that occurs during
NREMS. We assessed the predictive value of EEG power
during NREMS as a covariate of relative lactate concentration.
All occurrences of 1 min of continuous NREMS (“segments”)
were identified in 24-h spontaneous sleep recordings. For
each such segment, a 126-point matrix was populated with
EEG power values in each of 18 EEG spectral ranges across
each of seven 1-min intervals relative to that segment (Fig. 3).
The declining slope of lactate concentration across NREMS
segments was interrogated against each point in this matrix.
The heat map in Figure 3A indicates the magnitude and direc-
tion of the relationship between each EEG power/time locus
in the matrix and the rate of decline of lactate concentration
in the cerebral cortex during NREMS. The data demonstrate

Figure 3. EEG power predicts the rate of decline of lactate concentration during NREMS. (A) A heat map indicates the magnitude of the effect of EEG power at each frequency
bin × time window of the matrix on the rate of decline in lactate concentration across 1-min NREMS segments. Cold colors indicate a direct relationship between EEG power
and the rate of decline in lactate concentration. Hot colors indicate an inverse relationship between EEG power and the rate of decline in lactate concentration. (B–D) Examples
of the relationships between EEG power in 3 EEG frequency bins and relative lactate concentration. (B) The rate of decline of lactate concentration averaged across the 25% of
1-min segments with the highest EEG power in the 1–4 Hz range (white symbols) versus the 25% of 1-min segments with the lowest EEG power in the 1–4 Hz range (black
symbols). (C) The rate of decline of lactate concentration averaged across the 25% of 1-min segments with the highest EEG power in the 8–11 Hz range (white symbols) versus
the 25% of 1-min segments with the lowest EEG power in the 8–11 Hz range (black symbols). (D) The rate of decline of lactate concentration averaged across the 25% of 1-min
segments with the highest EEG power in the 15–18 Hz range (white symbols) versus the 25% of 1-min segments with the lowest EEG power in the 15–18 Hz range (black
symbols). P-values are those associated with EEG power × epoch interaction in repeated-measures ANOVA.
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that EEG power in frequencies <10 Hz associates directly with
the rate at which lactate concentration declines during
NREMS. The rate of decline is greater during NREMS seg-
ments with high EEG power at frequencies <10 Hz relative to
those NREMS segments with low EEG power at frequencies
<10 Hz. For instance, the rate at which relative lactate concen-
tration declines across the 25% of segments in which 1–4-Hz
power is highest (“Highest 25%” in Fig. 3B) is greater than
the rate at which relative lactate concentration declines across
the 25% of segments in which 1–4-Hz power is lowest
(“Lowest 25%” in Fig. 3B). ANOVA yielded a significant
epoch × 1–4-Hz EEG power interaction affecting relative
lactate concentration (F5,30= 22.53, P < 0.001; Fig. 3B). The
rate of decline of relative lactate concentration was not signifi-
cantly affected by EEG power in the 8–11 Hz range (F5,30=
0.11.53, P = 0.988; Fig. 3C). The relationship between EEG
power and relative lactate concentration was inverted at EEG
spectral frequencies >10 Hz. The rate at which relative lactate
concentration declined across the 25% of segments in which
15–18-Hz power was lowest (Lowest 25% in Fig. 3D) was
greater than the rate at which relative lactate concentration de-
clined across the 25% of segments in which 15–18-Hz power
was highest (Highest 25% in Fig. 3D). ANOVA yielded a sig-
nificant epoch × 15–18-Hz EEG power interaction affecting
relative lactate concentration (F5,30= 2.55, P = 0.049; Fig. 3B).

These data are compatible with the concept that EEG oscil-
lations drive changes in cortical lactate concentration. More
specifically, slow EEG oscillations promote the decline in
lactate concentration that occurs during NREMS, while faster
oscillations attenuate this decline. The magnitude of EEG
effects on lactate concentration was slightly higher when EEG
power was calculated from 1-min windows 10–30 s prior to
relative lactate concentration (Fig. 3A). Changes in lactate con-
centration measured at the sensor may therefore be an inte-
grative measure of both prior and current neuronal activity.

Optogenetic Stimulation Causes Global EEG Changes

Optogenetic stimulation was used to manipulate the cerebral
cortical EEG in Thy1/ChR2-eYFP transgenic mice. The appli-
cation of blue light to the cerebral cortex via a fiber optic
probe resulted in an increase in EEG power at the frequency
of stimulation (Fig. 4). A 2-min bilateral EEG recording de-
monstrates the effect of a 10-s train of 10-Hz stimulation
(1.5-ms pulse duration) with 1.2-mW blue light on the waking
EEG-recorded contralateral (Fig. 4A) and ipsilateral (Fig. 4C)
to the fiber optic probe. An intensity-response curve for blue-
light stimulation was generated by 10-s application of the
10-Hz stimulus at 1-min intervals, during the first 10 s of
every minute. A 5-min EEG recording from the hemisphere
ipsilateral to the optogenetic stimulus demonstrated an

Figure 4. Optogenetic manipulation of the cerebral cortical electroencephalogram in Thy1/ChR2-eGFP transgenic mice. (A and C) A 2-min bilateral EEG recording demonstrates
the effect of 10-Hz stimulation with 1.2-mW blue light on the waking EEG recorded contralaterally (A) and ipsilaterally (C) to the fiber optic probe. The 10-s application of the 10
Hz stimulus began 1-min into the 2-min recording. (B and D) Intensity-response curve for the effects of 10-Hz stimuli on EEG power spectra contralateral (B) and ipsilateral (D) to
the stimulus. Insets show power in the 9–11 Hz range. Stimuli were delivered once per minute, during the first 10-s of the minute, at increasing intensities. (E) A 5-min EEG
recording (upper panel) from the side ipsilateral to the fiber optic stimulus demonstrates an intensity-proportionate response to 10-Hz stimulation at increasing light intensities
(lower panel). (F and G) Sixty-min EEG recordings from EEGs ipsilateral to a fiber optic stimulus probe demonstrate sustained responsiveness to continuous optogenetic
stimulation. The mouse was subjected to a 30-min interval of continuous optogenetic stimulation at 10 Hz (F) or 1 Hz (G). The timing of stimulation is indicated by the bar at the
base of the figure.
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intensity-proportionate response to 10-Hz stimulation at in-
creasing light intensities (Fig. 4E). ANOVA yielded a signifi-
cant stimulus intensity × EEG frequency interaction for both
the ipsilateral (F76,2185= 89.83, P < 0.001) and contralateral
(F76,2185= 27.30, P < 0.001) EEGs, although the intensity-
response curve for 10-Hz stimulation was attenuated in the
EEG contralateral to the stimulus (Fig. 4B) relative to the EEG
ipsilateral to the stimulus (Fig. 4D). EEG power was affected
by 10-Hz stimulation primarily in the 9–11 Hz range. Sixty-
minute EEG recordings from EEGs ipsilateral to the fiber optic
stimulus probe demonstrate sustained responsiveness to con-
tinuous optogenetic stimulation over an interval of 30 min,
whether the stimulus was delivered at 10 (Fig. 4F) or 1 Hz
(Fig. 4G).

Ten-seconds segments of data collected at 500 Hz were
used to calculate event-triggered EEG fluctuations produced
by 1 and 10 Hz blue-light pulse trains. Repeated-measures
ANOVA with frequency of stimulation as a grouping factor
and time relative to stimulation as a within-subjects measure
yielded a significant effect for the time (F499,18 962= 8.51, P <
0.001) and time × stimulus frequency interaction (F499,18 962=
5.87, P < 0.001). Event-triggered average EEG traces illustrate
the effect of optogenetic stimulation at 1 or 10 Hz (Fig. 5);
stimulus-induced EEG depolarization triggered by 1-Hz stimu-
lation (onset at ∼100 ms in Fig. 5) was followed by a pro-
tracted hyperpolarization (at ∼250 ms). This wave was
disrupted by the subsequent stimulus when stimulation
occurred at 10 Hz. Although wake was much more common
during optogenetic stimulation, we observed instances of
both wake (Fig. 6A,C) and NREMS (Fig. 6B,D) episodes that
appeared to continue throughout 10-s intervals of stimulation
at both 1 and 10 Hz.

Experimentally Induced 1-Hz EEG Activity Drives a

Decline in Cerebral Cortex Lactate Concentration During

Wakefulness

Animals instrumented for simultaneous optogenetic stimu-
lation and relative lactate concentration measurement under-
went sleep/wake cycles, while the EEG was manipulated
optogenetically. To isolate the effects of the stimulation from
those of state transitions, only data from those 30-s optoge-
netic stimulus trains preceded and followed by 30 s of a
uniform state classification were subjected to analysis.
Because the timing of stimulus trains was preset and sleep

episodes are of short duration in mice, instances of 30-s opto-
genetic stimulus trains preceded and followed by uniform
NREMS or REMS states were infrequent. Only 3 of 7 animals
exhibited at least one 1-Hz stimulus train preceded and fol-
lowed by 3 epochs of NREMS. Only 2 of 7 animals exhibited
at least one 10-Hz stimulus train preceded and followed by 3
epochs of NREMS. Statistical analysis did not indicate signifi-
cant effects of optogenetic stimulation on EEG SWA or lactate
concentration during NREMS. No animals exhibited a single
stimulus train of either class preceded and followed by 3
epochs of REMS. This observation is likely to stem from the
fact that REMS episodes of ≥90 s are exceedingly rare in mice.
By contrast, all animals exhibited stimulus trains preceded
and followed by 3 epochs of wake. ANOVA on averaged
curves for stimulus trains applied during wake indicated
significant effects of stimulation at 1 Hz on EEG SWA (Fig. 7A;
F1,71= 21.34, P < 0.001). ANOVA also indicated significant
effects of stimulation at 1 Hz on relative lactate concentration
(Fig. 7A; F1,71= 7.30, P = 0.009). Lactate concentration was sig-
nificantly lower at the third epoch of 1-Hz stimulation relative
to wake immediately prior to stimulation. Ten-Hz stimulation
did not significantly modulate either EEG SWA or relative
lactate concentration (Fig. 7B).

Discussion

Changes in sleep/wake state are accompanied by changes in
neuronal activity and cerebral metabolism. The current report
complements previous studies by demonstrating that the con-
centration of lactate, a measure of aerobic glycolysis in the
brain, declines in association with sleep SWA. It was pre-
viously known that the concentration of lactate in the brain is

Figure 6. Continuity of sleep states during optogenetic stimulation. Each panel
contains 30-s traces of EEG contralateral to the optogenetic stimulating cannula
(upper trace), EEG ipsilateral to the optogenetic stimulating cannula (middle trace),
and EMG (lower trace). The cerebral cortex was subjected to 10-s trains of 1.5-ms
blue light pulses at 10 Hz (A and B) or 1 Hz (C and D) administered during
spontaneous sleep/wake cycles. The stimulus induces a bilateral EEG response
without altering the state of vigilance, whether the stimulus is delivered during
wakefulness (A and C) or NREMS (B and D).

Figure 5. Averaged event-triggered EEG traces from the hemisphere contralateral to
the optogenetic stimulus. Open symbols with gray error bars denote the effect of a
10-Hz stimulus. Closed symbols with gray error bars denote the effect of a 1-Hz
stimulus. Black bars at the base of the graph denote times when the 2 traces were
statistically significantly different by Student’s t-test (corrected to P<0.0001).

1984 Slow-Wave Activity Regulates Cerebral Glycolysis • Wisor et al.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
e
rc

o
r/a

rtic
le

/2
3
/8

/1
9
7
8
/3

5
5
5
7
8
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



reduced during sleep relative to wake (Van den Noort and
Brine 1970; Shram et al. 2002; Kalinchuk et al. 2003; Wigren
et al. 2009). However, it had not been possible to directly link
SWA to changes in lactate concentration due to technological
hurdles. The techniques used to measure glycolytic intermedi-
ates in the brain lacked the temporal resolution necessary to
track changes across sleep/wake states in animal models.
Lactate in brain tissues can be measured reliably by high per-
formance liquid chromatography only at intervals of several
minutes (Wigren et al. 2009). Voltammetric methods in-
creased the temporal resolution to one sample for every 3 min
(Shram et al. 2002). During spontaneous sleep in rodents,
sleep-state transitions can occur in a matter of seconds (such
as brief awakenings from sleep; Franken et al. 1991; Wisor
et al. 2006); SWA during NREMS varies on a minute-by-minute
time scale (Wisor and Clegern 2011). This discrepancy ex-
plains why it has been necessary to study glycolytic inter-
mediates in enforced wakefulness conditions lasting hours
rather than in spontaneous sleep (Kalinchuk et al. 2003;
Wigren et al. 2009). Enzyme-based real-time measurement of
lactate concentration has allowed us to overcome these limit-
ations of previous studies and demonstrates a relationship
between 10-s epoch-by-epoch EEG dynamics and relative
lactate concentration.

Brain ATP concentration (or at least the stability of ATP
concentration in brain extracts; Heller 2010) declines during
sustained wakefulness (Van den Noort and Brine 1970) and
increases during sleep after sustained wakefulness (Dworak
et al. 2010). The change in ATP concentration with sleep is
likely to be due in part to reduced demand for ATP as a cellu-
lar energetic source. However, ATP production is also regu-
lated by the relative contributions of oxidative respiration and
aerobic glycolysis to carbohydrate metabolism. One possible
explanation for the surge in ATP levels during sleep (Dworak
et al. 2010) is a shift from aerobic glycolysis to oxidative res-
piration. Oxidative respiration produces more molecules of
ATP per molecule of glucose via the citric acid cycle (Nelson
and Cox 2008). Collectively, the increase in lactate concen-
tration and decrease in ATP concentration during sustained

wakefulness may indicate a relative increase in dependence
on aerobic glycolysis in association with wakefulness. That
sleep states impact the rate of glycolysis is further supported
by observations at the molecular level. The previously docu-
mented increase in hexokinase activity in the brain during SD
(Thakkar and Mallick 1993; Ramanathan et al. 2010), collec-
tively with the increase in lactate concentration, is an indi-
cation that sleep/wake states affect the processing of
glycolytic intermediates in the cerebral cortex.

This is not the first report to demonstrate that direct manip-
ulations of cerebral cortical neuronal activity can induce wide-
spread changes in cortical potential resembling sleep SWA.
Similar effects have been demonstrated through electrical
stimulation of the rodent cortex (Vyazovskiy, Faraguna et al.
2009) and transcranial stimulation of the human cortex (Mar-
shall et al. 2006). The current report is novel in its assessment
of metabolic consequences of cortical stimulation in this
manner. The data demonstrate a shift in cerebral energetics in
association with slow waves in the cerebral cortex: During
both slow-wave sleep and induced 1-Hz oscillations, the brain
exhibits a reduction in lactate production relative to wakeful-
ness. However, optogenetically induced waves differ from
physiological slow waves in several senses. They are not predi-
cated on the withdrawal of depolarizing neuromodulators
characteristic of NREMS onset. They do not occur in synchrony
with subcortically driven changes in thalamocortical neuron
excitability, or in the stereotyped temporal relationship of
physiological slow waves to other sleep-related oscillations
(Crunelli and Hughes 2010). Additional work will be necessary
to determine whether any functional consequences of physio-
logical SWA such as changes in excitatory postsynaptic poten-
tials (Liu et al. 2010) and slow-wave homeostasis (Franken
et al. 1991) are mimicked by optogenetic stimulation.

The real-time measurement of lactate, a readout of
glycolytic metabolism, allowed us to establish statistical
relationships between cerebral metabolism and the moment-
to-moment dynamics of EEG oscillations. However, lactate
concentration measured in isolation provides limited infor-
mation. The concentration of glucose itself is, in contrast to
lactate, elevated in the brains of spontaneously sleeping rats
relative to sleep-deprived rats (Van den Noort and Brine 1970;
Netchiporouk et al. 2001). The differential changes of glucose
and lactate during sleep likely reflect reduced hexokinase
activity during sleep relative to wake. Hexokinase, which
initiates glycolysis by converting glucose to glucose-6 phos-
phate, is rate limiting as it exhibits the lowest Vmax among gly-
colytic enzymes measured in brain tissue (Clarke and Sokoloff
1998). Hexokinase activity is reduced in the brain during
spontaneous sleep relative to enforced wake in both hypoxic
(Ramanathan and Siegel 2011) and normoxic conditions
(Ramanathan et al. 2010). This reduction provides a possible
explanation for the simultaneous increase in glucose concen-
tration and decrease in lactate concentration during sleep.
Therefore, the novelty of the current report lies not in the
reduction in glucose utilization during sleep, but rather the
statistical linkage of SWA to the moment-by-moment dy-
namics of lactate concentration that was made possible by
real-time measurement. Ultimately, it will be necessary to
measure in real-time the impacts of SWA and optogenetic
stimuli on glycolytic enzyme activity and other glycolytic
intermediates to ascertain the mechanisms by which SWA
impacts on glucose utilization.

Figure 7. Effects of 1 Hz (A) or 10 Hz (B) optogenetic stimulation on EEG SWA
(upper panels) and lactate concentration (lower panels). Each panel contains data
from a 1-min interval. The first 30 s were spent in wakefulness and the last 30 s in
optogenetic stimulation. P-values denote main effect of time on dependent variables.
*P< 0.05 versus last epoch before stimulation, Student’s t-test with Bonferroni
correction.
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The data presented here establish that lactate concentration
is a biochemical covariate of sleep-related oscillations in the
cerebral cortex. Whether lactate is a sleep regulatory sub-
stance is, however, not known. SWA during NREMS increases
in proportion to the duration of prior waking and decreases
in proportion to the duration of prior NREMS (Dijk 1995;
Borbely and Achermann 2004). Exposure of neonatally
derived neurons in vitro to lactate hyperpolarizes membrane
potential (Holmgren et al. 2011). Hyperpolarization of mem-
brane potential in corticothalamic-thalamocortical circuits is a
trigger for slow oscillations during NREMS (Crunelli and
Hughes 2010). Lactate may therefore be a NREMS-promoting
substance: The accumulation of lactate in the cerebral cortex
during wake may trigger changes in the excitability of
neurons, which then promote slow oscillations. These slow
oscillations then reduce lactate concentration, eliminating its
hyperpolarizing effect and with it the drive for SWA. It is
additionally possible that a SWA-related shift from the rela-
tively inefficient process of aerobic glycolysis to the more effi-
cient process of oxidative respiration frees metabolic
resources for use in cellular anabolic processes, as suggested
elsewhere (Dworak et al. 2010). Anabolic processes known to
be facilitated in the brain by sleep include the phosphoryl-
ation of proteins that promote translation (Seibt et al. 2012)
and an increased rate of protein synthesis (Ramm and Smith
1990; Nakanishi et al. 1997).

The EEG frequency intervals that associated directly with
the rate of decline in lactate concentration extended beyond
what is typically labeled as SWA/delta (<5 Hz) activity to
include theta frequencies (5–9 Hz). While the homeostatic
regulation of sleep is most strongly associated with changes
in EEG power in the delta range (Borbely and Achermann
2004), in fact, the increase in EEG power that is incurred
as a consequence of sleep loss extends beyond the delta
range into the theta range in humans (Huber et al. 2004)
and rodents (Vyazovskiy et al. 2000). Therefore, the associ-
ation of theta activity, as well as delta activity, with the rate
of decline in lactate concentration, does not nullify the
hypothesized relationship between glycolysis and sleep
homeostasis. Figure 3A,D additionally demonstrates an
inverse relationship between EEG activity in the beta (14–
35 Hz) range and the rate at which lactate concentration de-
clines during NREMS. Insomnia is associated with elevated
EEG beta activity relative to non-insomniacs (Perlis et al.
2001). Insomniacs report a failure to feel refreshed after a
full night’s sleep. This parallel between cerebral metabolism
and EEG activity related to perceived poor sleep quality
raises the possibility that insomnia-related beta activity dis-
rupts regulation of cerebral glycolysis to the detriment of
sleep quality.
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